Abstract: Bubble cavitation is one of the major mechanisms for ultrasound-induced bioeffects. Characterising the bubble dynamics, expansion and collapse, is of importance in understanding the cavitation phenomenon and estimating the consequent outcome. In this study, Doppler ultrasound method was firstly used to measure the bubble wall velocity. Bubbles were generated in water using a beam of high-intensity focused laser light or inside a vessel phantom using a shock wave generator. Agreement was found between the determination by high-speed photographs and Doppler method. Overall, it is suggested that Doppler ultrasound could be a noninvasive method of quantitatively detecting bubble dynamics in vivo.
Introduction
Ultrasound has been used in clinical diagnosis for four decades because of its low cost and non-ionisation, especially for foetus (Szabo, 2004) . According to the regulation of the Food and Drug Administration (FDA) of the USA the temporal-averaged acoustic intensity of diagnostic ultrasound should be no higher than 720 mW/cm 2 . In recent years medical ultrasound has taken on a new life in several therapeutic applications by increasing the acoustic intensity to 1∼20,000 W/cm 2 , such as Shock Wave Lithotripsy (SWL) in breaking kidney stones (Lingeman et al., 2003) , High-Intensity Focused
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Ultrasound (HIFU) in thermal ablation for cancer/tumour (Rebillard et al., 2008; ter Haar and Coussios, 2007; Wu et al., 2005) , Shock Wave Therapy (SWT) for bone fracture and musculoskeletal disease (Haake et al., 2003; Wang, 2003) , ultrasound enhanced transdermal drug delivery (Mitragotri et al., 1995) , and sonoporation for drug delivery or gene transfection to cells (Bao et al., 1997) . FDA has already approved some of them for clinical use, whereas others are at various stages of development.
The major mechanisms of the ultrasound therapy include the thermal effects due to the absorption of acoustic energy in tissue and the mechanical effects such as bubble cavitation, shear stress, microstreaming, and radiation force (Bailey et al., 2003) . Bubble cavitation, the nucleation, growth, and oscillation of gaseous cavities, is found to be the most significant non-thermal effect of ultrasound exposure (AIUM, 2000) . Cavitation involves either rapid growth or collapse of bubbles (inertial cavitation) or sustained oscillatory motion of bubbles (stable cavitation) (Crum, 1988; Flynn, 1964) . Both types of cavitation induce obvious physical, chemical, and biological effects (Deng et al., 2004; Kim et al., 1996; Wu, 2002) . Therefore, quantitative detection of bubble dynamics can evaluate both the quantity and the quality of ultrasound therapy. However, due to the short lifespan and rapid dynamics of bubble cavitation in tissue, detecting bubble dynamics and measuring bubble wall velocity profile are of difficulty, but in a great need.
Currently, there are several methods available of detecting bubble dynamics. High-speed photography with sufficient magnification and contrast provides straightforward evidence of bubble expansion, oscillation, and collapse either by using stroboscopic reconstruction method (Zhou et al., 2005) or by using a multi-frame camera (Sankin et al., 2005) . The detectable bubble is limited by not only the image resolution but also its quality. Another popular optical method is light scattering/transmission, which is easy to set up and sensitive for much smaller bubbles (Zhou et al., 2005) . However, optic light has limited penetration in tissue, and thus both of these methods are only available in vitro. It is noticed that ultrasound could be used to detect bubble activities in vivo. Ultrasound method is noninvasive and can provide a good tradeoff between penetration depth and spatial resolution. The Active Cavitation Detection (ACD), such as diagnostic B-mode imaging, has a high echogenicity (hyperecho) in the specific region, where air bubbles are produced (Kuwahara et al., 1989) . The Passive Cavitation Detection (PCD) is using a focused transducer whose focal point is aligned to the Region of Interest (ROI) to measure acoustic signals, including the scattering signal from bubble and those produced by the bubble oscillation (Cleveland et al., 2000; Coleman et al., 1992) . However, both ACD and PCD show the existence of the bubble cavitation, but provide little information of the bubble dynamics.
Doppler ultrasound is a noninvasive test that employs the Doppler effect to assess whether structures (usually blood) are moving towards or away from the probe, and its relative velocity by analysing high-frequency ultrasound burst off red blood cells (Szabo, 2004) . It is particularly useful in cardiovascular studies and essential in many areas such as determining reverse blood flow in the liver vasculature in portal hypertension. Because of the high velocities of bubble wall and the unique characteristics of both expansion and collapse in inertial cavitation, these Doppler signals associated with oscillating bubbles could be easily separated from the background noise, such as the tissue vibration caused by the ultrasound radiation force and blood circulation. Therefore, Doppler ultrasound method may provide satisfactory signal-to-noise ratio and high sensitivity in vivo. In this study, Doppler ultrasound technique was firstly used to detect the frequency shift in the backscattering signal associated with bubble dynamics. Bubbles were produced either in a free field by a short high-intensity focused laser beam or inside a vessel phantom by a shock wave generator. Gradient zero-crossing and Short-Time Fourier Transform (STFT) methods were applied to analyse the backscattering signal. Good agreement was found between the photographic observation and Doppler ultrasound measurement. In addition, the proposed protocol is compatible with current medical ultrasound diagnostic instrument for real-time monitoring. Altogether, the Doppler ultrasound may be an excellent modality of quantitatively detecting bubble dynamics in vivo.
Methods

Laser-generated single bubble in water
In this experiment, a single large bubble was generated in water by focusing a high-intensity beam (see Figure 1 (a)) from a Q-switched neogymium doped yttrium aluminum garnet (Nd:YAG) laser with a wavelength of 1064 nm, a pulse duration of ∼5 ns, and maximum energy of 200 mJ (Tempest 10, New Wave Research, Sunnyvale, CA). The short-pulse laser light was reflected by a mirror and then collimated and focused by a customer-designed cylinder consists of two bi-convex optic lenses (focal length and diameter are 12.7 mm and 6.35 mm, and 250 mm and 50.8 mm, respectively, Newport, Irvine, CA). The focusing cylinder was water-proof and its front end was immersed in water (Sankin et al., 2005) . The water in the tank was degassed for at least 20 min with oxygen concentration less than 4 mg/L and the laser exposure rate was no faster than 0.1 Hz. Before each exposure any visible bubble on the surface of the focusing lens will be carefully removed in order to avoid the damage to optical components. 
Shock wave-generated intraluminal bubble
A piezoelectric shock wave generator (PiezoSon 100 with FB-12 source, Richard Wolf GmbH, Knittlingen, Germany), which is especially designed for clinical use in orthopaedics and traumatology with its innovative dual-layer design in the transducer at various frequencies (1∼4 shocks per second) and intensities (0.05-1.48 mJ/mm 2 ), was amounted at the bottom of the testing tank and used to induce bubble dynamics inside the vessel phantom. The typical pressure waveform generated by PiezoSon 100 in water (20°C) is comprised of a leading compressive wave with a peak pressure of 39 MPa and a pulse duration of 1 µs, followed by a trailing tensile wave of -8 MPa in peak pressure and a pulse duration of ∼2 µs at the maximum output by fibre optic probe hydrophone (FOPH-500, RP Acoustics, Leutenbach, Germany). Its -6 dB beam size at the maximum output level is 1.3 × 1.3 × 4.2 mm (Sankin et al., 2005) .
Thin-walled, Regenerated Cellulose (RC) hollow fibres of 200-mm inner diameter, taken from commercially available fibre bundles (132290, Spectrum, Gardena, CA) developed for dialysis and ultrafiltration, were used to construct vessel phantoms. The hollow fibres were cut into 70-mm long segments, and then embedded in straight connectors (E-31801-00, Cole-Parmer, Vernon Hills, IL) at both ends using fast curing epoxy. The free space between the connectors is about 34 mm, sufficiently wider than the beam diameter of the PiezoSon 100 generator. In the experiment, each fibre assembly was connected to a circulation system driven by a peristaltic pump (Model 7619-50, Cole-Parmer) operating at its lowest speed, which yields a mean flow rate of 241 mm/s. To allow a clear observation of intraluminal bubble dynamics, degassed water (O 2 concentration: < 4 mg/L) containing 0.2% Definity  (Lantheus Medical Imaging, N. Billerica, MA) serving as cavitation nuclei was used as the circulating fluid. The tube assembly was attached to an inverted U-shape holder fixed on a three-axis translation stage for positioning and scanning the vessel phantom in the acoustic field (see Figure 2 ). inside a vessel phantom by a shock wave generator and detecting the backscattering signal by an ultrasound transducer, which is aligned confocally with the shock wave generator. High-speed multiframe camera was used to capture intraluminal bubble dynamics (see online version for colours)
High-speed imaging system
Bubble dynamics in the free field were characterised by using a high-speed shadowgraph imaging system (low magnification) (see Figure 1 (a)). A pulsed Nd:YAG laser (MiniLaseI, New Wave Research, λ = 512 nm and tp = 6 ns) was expanded by a concave lens to form a parallel light beam through the test chamber. In the experiment, a multichannel digital delay generator (DS535, Stanford Research Systems, Sunnyvale, CA) was used to synchronise the trigger of the pulsed illuminating laser, high-intensity focused laser or PizeoSon 100 shock wave generator, a CCD camera (GP-MF 552, Panasonic, Secaucus, NJ), and a frame grabber (DT3155, Data Translation, Marlboro, MA), respectively. By adjusting the delay time of the trigger signals, a series of high-speed shadowgraph images can be recorded at various stages of the bubble oscillation. In general, images were recorded with interval time of 1 µs, from which a representative sequence of the whole event was then composed. Magnification of each optical system was calibrated by imaging a transparent scale (0.1-mm resolution) placed. Then an algorithm written and run in Matlab (Mathworks, Natick, MA) determined the bubble size at each captured frame. It is assumed that the location of the bright spot in the captured images is the centre of the bubble so that the algorithm optimally fits the bubble boundary with a circle, whose radius is determined as the bubble radius (see t = 50 µs in Figure 3 ) although the laser-generated bubble is not perfectly spherical.
To examine bubble dynamics inside a vessel phantom, a high-magnification optical imaging system consisting of a reading telescope (450100, Spinder & Hoyer, Milford, MA) with an auxiliary close-up lens (449006, Spinder & Hoyer, working distance = 165-200 mm) was established. Because the bubble cavitation inside a vessel is a random phenomenon and depends on the location of bubble nuclei at each exposure, stroboscopic reconstruction method is not valid. Therefore, an ultra high-speed imaging system (Imacon 200, DRS Technologies, Parsippany, NJ) based on multiples intensified
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CCD modules providing simultaneous framing through a single optical axis was applied. A fibre-optic coupled Xenon flashlamp (ML-1000, Dynalite, Union, NJ) was used for illumination because of its longer flash time in comparison to Nd:YAG laser (see Figure 2) . 
Doppler ultrasound detection
A focused ultrasound transducer (V306-SU, f 0 = 2.25 MHz, D = 0.5", F = 4", Olympus NDT, Waltham, MA) was aligned confocally either with the optical focusing lens or with the Wolf PiezoSon 100 shock wave generator. A burst of ultrasound pulses with the duration long enough to cover the whole period of bubble dynamics either in a free field (100∼200 µs) or inside a hollow fibre (∼30 µs) was sent out from a computer controlled ultrasound system (RAM-10K, Ritec, Warwick, RI). The focused ultrasound transducer also picked up the backscattering signal from the induced bubble. So the angle between bubble motion direction and the ultrasound burst is 0°. Received signal was separated from the transmission one by a diplexer (RDX-6, Ritec) and fed into to a digital oscilloscope (LeCroy 9314, Chestnut Ridge, NY). The digitalised backscattering signal was then transferred to a PC for post processing.
Doppler detection methods
Since the bubble dynamics in the free field or inside the vessel phantom is too rapid, Fourier transform method in conventional Doppler ultrasound to determine the target velocities would give significant systemic error. In this study two methods have been applied in analysing the backscattering signal, gradient zero-crossing and STFT. The gradient zero-crossing algorithm, a modified processing method of zero-crossing algorithm, does a gradient operation on the backscattering signal first and then detects the zero-crossing points, which is to detect the locations of each peaks and troughs in the backscattering signal. The time delay between the nearby peak and trough, ∆d(t), is used to determine the bubble velocity v(t) at time t:
where c 0 is the small amplitude sound speed in water at room temperature, f 0 is the centre frequency of the transmitting ultrasound burst from focused transducer. This method is insensitive to the baseline of the backscattering signal and simple to be implemented even for the future real-time in vivo detection. However, the acoustic spikes (such as optical breakdown and bubble collapse signal in Figure 6 (a)) and signals with small amplitude below a threshold will be excluded in order to reduce the outcome error. STFT is firstly breaking the discrete data into chunks or frames (which usually overlap each other, to reduce artefacts at the boundary) and then performing standard Fourier transform on each chunk, which can be expressed as:
where x[n]is the discrete signal, w[n] is the window signal. It provides flexible temporal resolution for both large-and small-scale applications, but relies on the variables used in the processing, such as the length of time, type of window, and the length of zeros-padding. In addition, the width of the windowing function determines whether there is good frequency resolution or good time resolution, but not both. In this study, Hamming window function with the window length of 2 µs was used and the window was shifted 0.15 µs to detect the velocity at the next temporal point.
Results
Bubble dynamics in the free field
The exposure of high-intensity focused laser can generate a single bubble via optical breakdown (Sankin et al., 2005) . Laser exposure showed as a tiny bright spot at the focus (data not shown) and subsequently the shapes of the laser-induced plasma and bubble formation are all nearly spherical (see Figure 3) . After the bubble collapse (see t = 85 µs in Figure 3 ), there may be several rebounds of the remaining bubble nuclei (see t = 90 µs in Figure 3 ), which are usually non-spherical. The laser energy level was set to be 100∼700 (10∼70% of maximum energy) because as the energy exceeds 70% multiple
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spots of optical breakdown are observed with the location of the largest plasma shifted toward the optical lens while optical breakdown may not always occur when the energy is lower than 10%. The maximum bubble radius increased from 252 ± 46 µm to 934 ± 57 µm in the range of 10-70% energy output (see Figure 4) . In addition, the measured bubble radius during the whole cavitation period can be fitted by a polynomial curve (see Figure 5 ). It is found that the laser-generated bubble is mostly stable and repeatable although the variation can still be figured out when the bubble reaches its maximum size and subsequently begins to shrink. The laser-generated single bubble is comparable to that in an electrohydraulic shock wave lithotripter field (about 2∼4 mm at the output voltage of 16∼24 kV), but with much higher consistency (less than 10% variation). 
Figure 5
The dose-dependency of the maximum bubble radius within the laser output level from 100 to 700 (see online version for colours)
A representative backscattering ultrasound signal is shown in Figure 6 (a). Two spikes in the received signal represent the optical breakdown and bubble collapse, respectively.
The delay time between these two spikes are defined as bubble collapse time, which has been proved to correlates well with the maximum bubble size as in PCD technology (Cleveland et al., 2000; Zhong et al., 2001 ). Ultrasound signal is sensitive to the existence of bubble. When there is no bubble in the Doppler ultrasound focused region, such as before the laser exposure and after the bubble collapse, the backscattering signal is negligible. In addition, the relationship between the amplitude of backscattering signal and bubble dynamics is complicated, even not in a monotonous relationship (Mason and Thurston, 1982) . Considering the influence of the bubble wall velocity, the diffusion of gas into the cavity, and asymmetry of the bubble boundary, there will be more complexities (Apfel, 1981) . Figure 6 (b) shows envelops of detected backscattering signals at the laser energy level of 250, 500, and 700 in their expansion stages, respectively. It is obvious that there are several peaks and troughs in the envelope. Therefore, estimating bubble dynamics by analysing the amplitude of backscattering signal only is of difficulty. The Doppler ultrasound backscattering signals were analysed by using gradient zero-crossing method, and the calculated results at laser energy levels of 250 and 700 are shown in Figure 7 and compared with the high-speed photograph results, which are gradients of the fitted curve for bubble radius by a polynomial function in Figure 4 . It is found that overall the calculated bubble velocities fit well with the photograph results except on the both ends. Doppler ultrasound gives much higher velocities of either bubble expansion (40 m/s) or collapse (-30 m/s) than the high-speed photograph method. At the laser output level of 250 at t = 0.5, 1, and 2 µs the bubble radius are 152.1, 171.9, and 199.2 µm, respectively; while the corresponding results of fitted curve 164.9, 176.1 and 197.2 µm, respectively. Using finite difference method, the bubble wall velocity at 1 µs is calculated to be 39.6 m/s, which is close to the Doppler ultrasound result (38.9 m/s). Similar discrepancy would be expected at the bubble collapse stage. A new type of fitting curve that has the similar shape as theoretical prediction, such as from Gilmore model, would reduce this error, which would be applied in the following study. 
Intraluminal bubble dynamics
After the passage of shock front the bubble nuclei (microbubbles of the ultrasound contrast agent) inside the circulating fluid through the vessel phantom will expand, establish the contact with the vessel, dilate the vessel wall, and then collapse (Zhong et al., 2001) . In comparison to the intraluminal bubble generated by an experimental shock wave lithotripter, Dornier XL-1 (Dornier MedTech, Kennesaw, GA), those observed in this study were much smaller and the dilation on the vessel wall was not so significant, which may be due to the incorrect triggering on the dual-layer piezoelectric transducer of PiezoSon 100. The two-layer shock wave source consists of two piezo-ceramic layers arranged one above the other, which are excited separately by a high-voltage pulse generator. Only correct delay time between the two layers would guarantee the cumulative energy at the focus. In addition, the multi-cycles pulse waveform generated by the piezoelectric materials because of the reverberation from both ends instead of a single pulse by electrohydraulic method of a short underwater spark discharge may limit the bubble expansion although with comparable pressure amplitude, which is one of the reasons why electrohydraulic lithotripter has the poorest performance in all commercial types (Lingeman et al., 2003) . From the high-speed images it is found that bubble expansion and collapse begin at about 53 µs and 62 µs, respectively. The number and locations of the induced intraluminal bubbles are random according to the experimental observation. Because of the limited magnification and resolution of the shadowgraphy system, the bubble boundary cannot be determined as in the free field. After the bubble collapse, several rebounds and recollapses from the remaining bubble nuclei (see t = 63 µs in Figure 8 ) could also occur. Backscattering ultrasound signal from the hollow fibre can always be picked up even with the absence of intraluminal bubbles. So the delay time between the trigger of shock wave generator and transmission of Doppler ultrasound burst should be carefully selected to cover the whole period of intraluminal bubble dynamics. A representative backscattering signal is shown in Figure 9 (a). The shock wave-induced intraluminal bubbles will not increase the amplitude of backscattering signal and no significant spikes associated with the bubble initial production and collapse were detected as in the free field (see Figure 6(a) ) although the temporal location of the bubble collapse could also be figured out (see Figure 9(a) ). In the bubble expansion and collapsing stage most of velocities detected by both gradient zero-crossing algorithm and STFT method are correspondingly positive and negative, respectively, although the systemic error was higher than that in the free field (see Figure 9 (b) and (c)). 
Discussion and conclusion
Ultrasound-induced biological, physical, or chemical effects are found correlate well with the dose of bubble cavitation. Tissue injuries in SWL are primarily vascular lesions, characterised by extensive damage of the endothelial cells and mechanical rupture of small blood vessels. By using high-speed photography it is found that shock wave-induced intraluminal bubble dynamics is an important contributory factor for tissue injury in SWL (Zhong et al., 2001) . Quantitative assessment of bubble dynamics would be helpful in evaluating SWL-induced vascular rupture and consequent chronic renal malfunction. In this study, Doppler ultrasound technique was firstly used to quantitatively detect bubble dynamics. Velocities of bubble expansion and collapse in the free field and inside the hollow fibre were determined from the backscattering signal. Doppler results were found to correlate well with the dynamics measured by high-speed photographs. Overall, it is suggested that Doppler ultrasound would be a new and effective tool in monitoring bubble dynamics in the ultrasound application. Doppler ultrasound usually is used to monitor the blood flow in clinics. The velocity of blood flow varies from about 0.5 m/s to 5 m/s (Szabo, 2004) , depending on the size of the vascular vessel, and the heart rate of normal human is ∼1 beat per second. In comparison, the expanding and collapsing velocities of bubble are much higher in amplitude and the bubble cavitation phenomenon is shorter in time (up to a few hundred microseconds). The maximum bubble wall velocity detected in this study in the free field was about 40 m/s, which is close to the theoretical estimation for an electrohydraulic lithotripter using Gilmore model (Zhong et al., 2001) . Therefore, the conventional Doppler ultrasound analysis method, Fast Fourier Transform (FFT), on the backscattering signal, may under-estimate the bubble wall velocity because FFT needs at least a few cycles of signals in analysis and provides the averaged velocity during the selected sampling window. Zero-crossing algorithm is a simple method of analysing frequency shift in real time. However, it is found that the baseline of the backscattering signal, which may be due to the transmitted ultrasound burst or the low-frequency response of the detecting system, has great effect on the calculation results. So a modified version, gradient zero-crossing algorithm, was developed to calculate the delay time between nearby peak and trough. This modification reduces the influence of environmental noise on algorithm performance and keeps the advantage of simple operation for future real-time processing. STFT was also applied in this study on bubble dynamics both in the free field (data not shown) and inside the hollow fibre. Different types of window function (such as rectangular, Hann, and Blackman) were applied, but no significant differences were found (data not shown). The performance of STFT was similar to gradient zero-crossing algorithm in this study (see Figure 9 (c)) although more complexity in calculation. So it may not have advantage in real-time application.
Multiple bubbles rather than a single one are often produced in the high-intensity ultrasound field. Individual bubble may have unique characteristic. If two bubbles are close to each other, coalescence may occur. The merged bubble has larger size, longer bubble cavitation time, and consequently stronger cavitation strength. In PCD measurement, the spectra amplitude within a range between two harmonic components or at very high frequency (such as at 20 MHz while the driving frequency is around 1 MHz) was used to represent the cavitation strength in ROI, which is from a mixture of bubbles with various sizes. However, little information of the dynamics of individual one can be provided. In this study, since the -6 dB beam width of the focused ultrasound transducer is quite large (5.5 mm), the backscattering signals from all of those induced bubbles with different dynamic characteristics were picked up by the Doppler ultrasound. Therefore, the calculated velocity profile has multiple peaks and troughs (Figure 9(b) and (c)) instead of a single 'cotangent-shape' curve in the free field (Figure 7 ). How to separate and analyse backscattering signals from multiple bubbles will be investigated in the following study. Furthermore, Doppler ultrasound may also be used to observe the bubble coalescence, the distortion of bubble near either a soft or a hard boundary, and the formation of microjet when external force applied on the cavitation bubble (Apfel, 1981; Crum, 1988) .
Although the preliminary results are encouraging, further investigation of this novel technique, especially in vivo trial, such as in small animal of rabbit and mouse, are necessary to completely evaluate its performance. In animal experiment how to enhance systemic signal-to-noise ratio would be of importance in analysing the backscattering signal and calculating velocity profile. Since bubble dynamics is a rapid phenomenon the duration of the ultrasound burst should be sufficiently long to cover the whole cavitation process, arriving ROI before the bubbles being generated and terminating until cavitation ends. As a result, the axial resolution would be poor, which is determined by the burst duration. One possible solution would be analysing Doppler ultrasound signals from an array of receivers with appropriate beam-forming algorithm, which increases both the cost and the complexity of the detection system. In summary, Doppler ultrasound is a noninvasive method and could provide quantitative detection on bubble dynamics.
